When the temperature of exponential-phase cultures of Saccharomyces cerevisiae was abruptly raised from 28 to 40°C, trehalose immediately accumulated, whereas the activities of trehalase and trehalose-6-phosphate synthase/trehalose-6-phosphate phosphatase complex increased after a lag period of about 10 min. Heat shock also induced a sudden rise in intracellular glucose, simultaneously with a decrease in the concentration of hexose phosphate and fructose 2,6-bisphosphate. The increase of trehalose-metabolizing enzymes, but not the accumulation of glucose and trehalose, was prevented by cycloheximide. Investigation of the kinetic properties of partially purified enzymes showed that both nonactivated and cyclic AMP-dependent-protein-kinase-activated forms of trehalase are almost inactive in the absence of Ca2+ and that the concentration of free Ca2+ required for half-maximal activity increased with increasing temperature, being approx. 1 /tM at 30°C and 20 SM at 40°C for the activated form of trehalase. In contrast, trehalose-6-phosphate synthase and trehalose-6-phosphate phosphatase were three times more active at 40 'C. It is proposed that the rapid accumulation of trehalose induced by heat shock may be in part explained by changes in the kinetic properties of trehalase and trehalose-6-phosphate synthase/trehalose-6-phosphate phosphatase.
INTRODUCTION
Trehalose (a-D-glucopyranosyl a-D-glucopyranoside) is a nonreducing disaccharide found in a wide variety of organisms including bacteria, fungi, nematodes and plants [1, 2] . In the yeast Saccharomyces cerevisiae, trehalose accumulates during periods of reduced growth, for example during nitrogen, sulphur or phosphate starvation [3] , as well as during the stationary phase of growth on glucose [3] [4] [5] . More recent studies have also established a strong correlation between the trehalose content of yeast cells and their resistance to temperature extremes, dehydration and freezing-thawing cycles (reviewed in [6] ). From these data it has been proposed that the primary function of trehalose in yeast is not as an energy reserve, but as a protectant of cell membranes and proteins under conditions that deplete the activity of intracellular water [6, 7] .
Trehalose is synthesized from UDP-glucose (UDP-Glc) and glucose 6-phosphate (Glc6P) in a two-step reaction catalysed by the trehalose-6-phosphate synthase (Tre6P synthase)/trehalose-6-phosphate phosphatase (Tre6P phosphatase) complex [8, 9] . It is hydrolysed into glucose by two distinct trehalases: an acid trehalase that is confined in the vacuoles [10] , and a neutral trehalase located in the cytosol and which is activated by cyclic AMP-dependent phosphorylation [2] . In most cases, mobilization of trehalose is associated with the activation of neutral trehalase [2] .
Investigating the metabolism of trehalose under heat-shock conditions, Hottiger et al. [11] observed a good correlation between fluctuations of trehalose pool and changes in Tre6P synthase activity after temperature shifts and concluded that Tre6P synthase rather than trehalase plays a key role in trehalose accumulation during a heat shock. More recently, the same group [12] had to correct their first conclusion, since they found that their sampling procedure actually leads to artificially high trehalase activities in crude extracts from heat-shocked cells. Using a permeabilization technique which apparently circumvented this problem, they reported rapid inactivation or reactivation of neutral trehalase depending on whether the cells were shifted from 27 to 40°C or returned to 27 'C. Attfield [13] also suggested that storage of trehalose induced by heat shock required RNA synthesis de novo, since this accumulation was inhibited in the presence ofAcridine Orange or ethidium -bromide, two agents reported to inhibit RNA synthesis [14] . In deep contrast with these results, Winkler et al. [15] did not find any change in trehalose-metabolizing enzymes under heat-shock conditions and proposed that the heat-induced accumulation of trehalose may be a consequence of the drastic increase in the concentration of substrates (UDP-Glc and Glc-6P) for Tre6P synthase.
Here we show that the accumulation of trehalose required neither activation ofTre6P synthase and inactivation oftrehalase, nor protein synthesis. This metabolic event may be primarily due to a temperature-dependent change in the kinetic properties of trehalase and Tre6P synthase/Tre6P phosphatase.
MATERIALS AND METHODS

Strain and growth conditions
The strain S288c of Saccharomyces cerevisiae was grown in a medium containing 2 % bactopeptones, 1 % yeast extract and 2% glucose (YEPD) at 28 'C. When cells reached an A600 of approx 1.0 unit (about 1.4 x 107 cells/ml), cultures were divided into portions of 100 ml and placed in a water bath maintained at Abbreviations used: UDP-Glc, UDP-glucose; GlcP, glucose 6-phosphate; Tre6P, trehalose 6-phosphate; Fru6P, fructose 6-phosphate; Fru(1,6)P2, fructose 1,6-bisphosphate. 60°C such that they reached 40°C in less than 3 min. The bath was then quickly maintained at 40°C by the addition of ice.
Purification of trehalase and Tre6P synthase/Tre6P phosphatase complex Trehalase was partially purified by the procedure of Londesborough & Varimo [16] . The enzyme was activated by incubation of 3-5 mg of partially purified protein in the presence of bovine heart type II cyclic AMP-dependent protein kinase (0.1 mg/ml; Sigma, St. Louis, MO, U.S.A.), 10 /LM-cyclic AMP and 2 mmATPMg for 15 min at 30 'C. The mixture was then passed through 20 vol. of Sephadex G-25 equilibrated with 20 mmHepes, pH 7. 1, containing 50 mM-KCl, 1 mM-dithiothreitol, 2 mM-EGTA and antipain (20 ,g/ml). Tre6P synthase/Tre6P phosphatase protein complex was purified as described in [8] , except that the last step was omitted. The most active fraction eluted from the Mono S column, which contained about 250 and 57 munits/mg of protein of Tre6P synthase and Tre6P phosphatase respectively, was used for kinetic studies.
Enzymic assays
The preparation of crude extracts and, unless otherwise stated, assay of trehalase [17] , Tre6P synthase and Tre6P phosphatase [8] were performed as previously described. The glucosephosphorylating activity was tested in an assay mixture containing 25 mM-Hepes, pH 7.1, 100 mM-KCl, 5 mM-MgCl2, 2 mmATPMg and 2 mM-[U-14C]glucose (500-1000 c.p.m./nmol; Amersham International) in a total volume of 100,1. The reaction was started by the addition of 1-3 p.l of extract and stopped at appropriate times (between 1 and 10 min) by spotting 20 1dl portions on DE 81 papers, which were washed three times for 10 min in 10 % (v/v) ethanol (20 ml/paper) and then counted for radioactivity in the presence of 5 ml of scintillation cocktail (Opti phase HiSafe II; LKB, Loughborough, Leics., U.K.). The uptake of glucose by intact cells was measured in the presence of 20 mM-[U-14C]glucose by the method of Bisson & Fraenkel [18] . One unit is the amount of enzyme that catalyses the conversion of 1 ,tmol of substrate in 1 min under the conditions of the assay.
Analytical procedures
Collection of cells and extraction of metabolites were done as described previously. Glucose [19] , Glc6P, fructose 6-phosphate (Fru6P) [20] , fructose 1,6-bisphosphate [Fru(1,6)P2] [21] , UDPGlc [22] and ATP [23] were measured by the published procedures cited. Extraction for determination of Fru(2,6)P2 [24] and trehalose [5, 25] were performed in 0.5 ml of 0.25 M-Na2CO3 for 30 The concentration of free Ca2+ was calculated as described by Harrison & Bers [26] , using EGTA as the chelator. Those authors showed that increasing the temperature from 1°C to 36°C led to a nearly linear increase in KCaE0TA. Accordingly, at pH 7.00 and I0.1, the apparent Ca2+ association constant increases from 2.67 to 3.2 106 M-1 as the temperature increases from 28 to 40 'C. However, it can be calculated that this change in temperature has no effect on the calculated free Ca2+ concentration when this concentration varies over the range of 10-7-to 10-3 M. The concentration of protein was determined by the method of Bradford [27] , with bovine immunoglobulin G as a standard.
All results shown are representative of at least three independent experiments performed under similar conditions. RESULTS Changes in intracellular glucose, trehalose and metabolites after a temperature shift from 27 to 40 'C During exponential growth on glucose at 28 'C, yeast cells contain only traces of glucose and trehalose, because the former is immediately phosphorylated as it enters the cell [28] , whereas the latter is not synthesized because trehalase is found predominantly in its activated (phosphorylated) form and the activity of the complex Tre6P synthase/Tre6P phosphatase is 
only 200% of that in stationary phase [5, 29] . When the temperature of the cultures was abruptly raised to 40°C, glucose and trehalose immediately accumulated at rates of approx. 1 Ismol of glucose/min per g of wet cells (Figs. la and lb), whereas the concentration of hexose 6-phosphate decreased by about 3-fold within 10 min after the shift (Fig. lc) . Addition of 50 ,tg of cycloheximide/ml to the cultures 15 min before the temperature shift did not significantly affect the intracellular accumulation of these sugars (Figs. la and lb). Accumulation of glucose always preceded that of trehalose and reached a plateau of 10 ,tmol/g wet cells 10 min after the shift. In contrast, trehalose synthesis still continued after 60 min of incubation at 40°C (Fig. la) . When heat-shocked cells were returned to 27°C, intracellular glucose and trehalose decreased to their initial levels at rates comparable with those of their accumulation (results not shown; but see also [11] ). Changes in the activity of the enzymes of trehalose metabolism after temperature shifts As Fig. 3 shows, a sudden rise of temperature induced an increase of trehalase, Tre6P synthase and Tre6P phosphatase activities. However, this increase was preceded by a lag period of about 10 min and was prevented by addition of cycloheximide (50 ,tg/ml) 15 [16] reported that the activity of neutral trehalase was dependent on the presence of Ca2+ or Mn2+, whereas Mg2+ was ineffective. We therefore studied the effect of temperature on the sensitivity of the non-activated and the cyclic-AMP-dependent-protein-kinase-activated trehalase to Ca2+. Free concentrations of Ca2+ were calculated using the KCa-EGTA determined at 28 and 40 'C. However, as explained in the Materials and methods section, increasing the temperature from 28 to 40°C does not influence the calculated free Ca2+ concentrations. As Fig. 4 shows, at 28 'C and in the presence-of a calculated free Ca2+ concentration of approx. 10-7 M, the nonactivated trehalase was completely inactive, whereas the activated enzyme still hydrolysed trehalose at 25 % ofits maximum activity (Fig. 4a) . At this temperature, a half-maximum effect was obtained with 10 1uM and 1 /esM free Ca2+ for the non-activated and cyclic-AMP dependent-protein-kinase-activated trehalase respectively. Interestingly, the effect of increasing temperature was to reduce by more than 20-fold the affinity of both forms of trehalase to Ca2+ without affecting their maximal activity. For instance, at 40°C and at 1 ,UM free calcium, the non-activated trehalase was nearly inactive and the activated form of the enzyme had only 25 % of its activity measured at 28 'C. A more complete temperature-dependent activity of the two forms of trehalase measured in the presence of 10 /LM free calcium is reported in Fig. 5(a) . It is important to stress that the low activity of trehalase measured at temperatures above 40 'C was not due to the denaturation of the protein, since normal activities were recovered by reincubation of the enzyme at 30 'C (results not shown). Other kinetic properties (Km, of 4 mm for trehalose, inhibition by neutral salts and by zinc ions) were not significantly modified at 40 'C, when the assays were performed at 10 /SM free calcium (results not shown). Fig. 5(b 
DISCUSSION
The rapid accumulation of trehalose in exponential-phase cells in response to a heat stress is now well documented (see [6] for a review). However, there is controversy as to whether this accumulation results from heat-induced changes in the activity of trehalose-metabolizing enzymes (1 1,12] or is a consequence of an increase in the concentration of the substrates for Tre6P synthase (UDP-Glc and Glc6P). Here we present several arguments against these two explanations and propose an alternative mechanism based on temperature-dependent modifications of the kinetic properties of trehalase and Tre6P synthase.
Although Tre6P synthase and trehalase activities increased during heat shock, as previously reported [11, 12] , this increase was preceded by a lag period of about 10 min and was inhibited by cycloheximide. In contrast, synthesis of trehalose took place immediately after heat shock and was insensitive to the proteinsynthesis inhibitor. Taken together, our results exclude the induction of Tre6P synthase and/or a rapid inactivation of trehalase as a prerequisite for trehalose accumulation during heat shock. These results are at variance of those of De Vergilio et al. [30] , who found that Tre6P synthase is still induced, albeit to a lesser extent, in a temperature-sensitive mutant which failed to initiate protein synthesis at 40 'C. To explain this result, those authors suggested that Tre6P synthase could be activated by a post-translational modification. However, their method for assaying Tre6P synthase is based on the measurement of the production of UDP. As discussed previously [8] , this assay is not specific, since part of the UDP may come from the reaction catalysed by a glycogen synthase. The fact that agents known to inhibit RNA synthesis prevented trehalose accumulation is easily accounted for by our observation that these drugs actually caused a depletion of ATP, which prevents any further formation of trehalose precursors. On the basis of metabolite determination and on the kinetic properties of Tre6P synthase, Winkler et al. [15] came to the conclusion that the rapid accumulation of trehalose upon heat shock can be explained in terms of increasing the concentration of glycolytic intermediates, including those required for trehalose synthesis. In our hands this explanation does not hold, since we found exactly the opposite results. This discrepancy concerns not only the effect of temperature on,the concentration of metabolites, but also the absolute levels of these metabolites. The concentrations of Glc6P and ATP measured by Winkler et al.
[1 51in-exponentially growing cells are respectively 50-and 10-fold lower than those commonly reported by others [17, 28, 29, 31] .
Because neither of the two explanations stated ab-ove could account for the heat-induced accumulation of trehalose, we wondered if temperature could not directly affect the activities of trehalase and Tre6P synthase/Tre6P phosphatase complex. Indeed, we found that the affinity of both forms of trehalase to Ca21 ions was decreased by more than 20-fold at 40 'C. Conversely, Tre6P synthase and Tre6P phosphatase were three times more active at 40 'C. Assuming that the concentration of free Ca2+ inside the cytosol is between 0.1 uM and 1.0 /aM [32] and that this concentration does not change with temperature, one can estimate that a rise of temperature from 28 to 40 'C should result in a relative gain of trehalose synthesis over its degradation of at least 15-fold. Thus our results support the notion that changes in the kinetic properties of trehalase and of Tre6P synthase/Tre6P phosphatase rather than changes in the synthesis and/or degradation of these enzymes could explain the rapid accumulation of trehalose induced by heat, and that, in particular, Ca2+ may play an essential role in this process.
As illustrated in Fig. 2 , heat shock induced other severe perturbations. of glucose metabolism, including a sudden rise in intracellular glucose concomitantly with a decrease in the concentration of hexose phosphate and Fru(2,6)P2, which indicates a cross-over at the level of glucose phosphorylation and an inhibition of glycolysis. How these effects occur remains to be clarified, but so far we have been unable to find any differences in glucose uptake and glucose-phosphorylating activity between control and heat-shocked cells. Also, the finding of a rapid decrease in Fru(2,6)P2 could not be explained only in terms of decreased concentrations of hexose 6-phosphate, but points to a stimulation by temperature of the enzymes involved in the degradation of this molecule [33] [34] [35] , whereas the increase in the concentration of UDP-Glc upon heat shock may be due to the transient arrest of the cells in GI phase of the cell cycle [11, 36] and the subsequent inhibition of membrane and cell-wall biosynthesis.
